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PADDLES AND ENCLOSURES FOR ENHANCING MASS TRANSFER DURING 
PROCESSING OF MICROFEATURE WORKPIECES 



CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] The present application claims priority to pending U.S. Provisional 

Application No. 60/484,603 and pending U.S. Provisional Application No. 
60/484,604, both filed July 1, 2003 and both incorporated herein in their entireties 
by reference. 

TECHNICAL FIELD 

[0002] The present invention is directed toward paddles and enclosures for 

processing microfeature workpieces. 

BACKGROUND 

[0003] Microdevices are manufactured by depositing and working several layers of 

materials on a single substrate to produce a large number of individual devices. 
For example, layers of photoresist, conductive materials, and dielectric materials 
are deposited, patterned, developed, etched, planarized, and so forth to form 
features in and/or on a substrate. The features are arranged to form integrated 
circuits, micro-fluidic systems, and other structures. 

[0004] Wet chemical processes are commonly used to form features on 

microfeature workpieces. Wet chemical processes are generally performed in wet 
chemical processing tools that have a plurality of individual processing chambers 
for cleaning, etching, electrochemically depositing materials, or performing 
combinations of these processes. In some cases, the processing chambers 
include a vessel configured to electrolytically apply material to the workpiece 
and/or remove material from the workpiece. The workpiece is partially immersed 
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in a bath that includes an electrolyte in fluid communication with an electrode. 
When material is to be added to the workpiece, electrical potentials of opposite 
polarities are applied to the electrode (which functions as an anode) and the 
workpiece (which functions as a cathode). When material is to be removed from 
the workpiece, the polarities are reversed so that the electrode operates as a 
cathode and the workpiece operates as an anode. 

[ooos] During electrolytic processing, a diffusion layer develops at the surface of 

the workpiece in contact with the electrolytic liquid. The concentration of the 
material applied to or removed from the workpiece varies over the thickness of the 
diffusion layer. In many cases, it is desirable to reduce the thickness of the 
diffusion layer so as to allow an increase in the speed with which material is added 
to or removed from the workpiece. In other cases, it is desirable to otherwise 
control the material transfer at the surface of the workpiece, for example to control 
the composition of an alloy deposited on the surface, or to more uniformly deposit 
materials in surface recesses having different aspect ratios. 

[0006] One approach to reducing the diffusion layer thickness is to increase the 

flow velocity of the electrolyte at the surface of the workpiece. For example, some 
vessels include paddles that translate or rotate adjacent to the workpiece to create 
a high speed, agitated flow at the surface of the workpiece. In one particular 
arrangement, the workpiece is spaced apart from an anode by a first distance 
along a first axis (generally normal to the surface of the workpiece) during 
processing. A paddle having a height of about 25% of the first distance along the 
first axis oscillates between the workpiece and the anode along a second axis 
transverse to the first axis. In other arrangements, the paddle rotates relative to 
the workpiece. In still further arrangements, fluid jets are directed at the workpiece 
to agitate the flow at the workpiece surface. 

[0007] The foregoing arrangements suffer from several drawbacks. For example, 

it is often difficult even with one or more paddles or fluid jets, to achieve the flow 
velocities necessary to significantly reduce the diffusion layer thickness at the 
surface of the workpiece. Furthermore, when a paddle is used to agitate the flow 
adjacent to the microfeature workpiece, it can create n shadows M in the electrical 
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field within the electrolyte, causing undesirable nonuniformities in the deposition or 
removal of material from the microfeature workpiece. Still further, a potential 
drawback associated with rotating paddles is that they may be unable to 
accurately control radial variations in the material application/removal process, 
because the speed of the paddle relative to the workpiece varies as a function of 
radius and has a singularity at the center of the workpiece. 

SUMMARY 

[0008] The present invention is a paddle reactor and method for providing 

enhanced mass transfer of an electrochemical solution to or from the surface of a 
microfeature workpiece. The paddle reactor of this invention includes a paddle 
configuration that reduces local electric field shielding caused by a paddle moving 
between an electrode and the workpiece. The paddle reactor of this invention also 
includes a paddle enclosure that confines paddle agitation to the vicinity of the 
workpiece to enhance mass transfer. 

[0009] A particularly useful embodiment of the paddle reactor of this invention 

incorporates an array of paddles, each of which has a paddle configuration that 
reduces local electric field shielding at the location where the workpiece is 
electrochemically processed. For example, the paddles may have canted 
surfaces that extend downwardly from the process location, or the paddles may be 
porous. In this embodiment, the paddle array is confined in a paddle enclosure 
adjacent to the process location. In this embodiment, the paddle enclosure is 
positioned between the electrode and the workpiece. An element that is flow- 
resistive to the electrochemical solution may be positioned between the paddle 
array and the electrode, as a partition that is part of the lower wall of the paddle 
enclosure. The flow-resistive partition, if present, is highly resistive to solution flow 
but is only moderately resistive to the passage of electric current. When this 
paddle reactor embodiment is configured as an electroplating reactor, the 
electrode functions as an anode and is configured to provide a uniform film deposit 
on the workpiece, whether or not the flow-resistive partition is present. The stroke 
and frequency of the paddle array reciprocations may be controlled to further 
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reduce local electric field shielding. The paddles of the array may have different 
shapes to control three-dimensional flow effects that might otherwise result as the 
array reciprocates adjacent to a circular workpiece. 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Figure 1 is a schematic illustration of a reactor having a paddle device 

disposed in an enclosed paddle chamber in accordance with an embodiment of 
the invention. 

[0011] Figure 2 is a schematic illustration of another embodiment of a reactor 

having multiple electrodes in accordance with another embodiment of the 
invention. 

[0012] Figure 3 is a partially schematic, isometric illustration of an actuated paddle 

device in accordance with an embodiment of the invention. 
[0013] Figures 4A-4G illustrate paddles having shapes and configurations in 

accordance with further embodiments of the invention. 
[0014] Figure 5 is an isometric illustration of a paddle device having a grid 

configuration. 

[0015] Figure 6 schematically illustrates flow into and out of a paddle chamber in 

accordance with an embodiment of the invention. 
[0016] Figure 7 is a partially schematic illustration of a reactor having a paddle 

chamber in accordance with another embodiment of the invention. 
[0017] Figures 8A-8B illustrate a bottom plan view and a cross-sectional view, 

respectively, of a portion of a paddle chamber having paddles of different sizes in 

accordance with yet another embodiment to the invention. 
[0018] Figure 9 is a cross-sectional view of a plurality of paddles that reciprocate 

within an envelope in accordance with another embodiment of the invention. 
[0019] Figure 10 is a partially schematic, isometric illustration of a paddle having a 

height that changes over its length. 
[0020] Figures 11A-11F schematically illustrate a pattern for shifting the 

reciprocation stroke of paddles in accordance with an embodiment of the 

invention. 
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DETAILED DESCRIPTION 



[0021] As used herein, the terms "microfeature workpiece" and "workpiece" refer 

to substrates on and/or in which microelectronic devices or other microdevices are 
integrally formed. Typical microdevices include microelectronic circuits or 
components, thin-film recording heads, data storage elements, microfluidic 
devices, and other products. Micromachines or micromechanical devices are 
included within this definition because they are manufactured using much of the 
same technology that is used in the fabrication of integrated circuits. The 
substrates can be semiconductive pieces (e.g., doped silicon wafers or gallium 
arsenide wafers), nonconductive pieces (e.g., various ceramic substrates), or 
conductive pieces. In some cases the workpieces are generally round and in 
other cases the workpieces have other shapes, including rectilinear shapes. 

[0022] Several examples of reactors in accordance with the invention are set forth 

in Figures 1-11F and the following text to provide a thorough understanding of 
particular embodiments of the invention. The description is divided into the 
following sections: (A) Embodiments of Reactors Having Enclosed Paddle 
Chambers; (B) Embodiments of Paddles for Paddle Chambers; and (C) 
Embodiments of Reactors Having Paddles and Reciprocation Schedules to 
Reduce Electric Field Shielding. A person skilled in the art will understand, 
however, that the invention may have additional embodiments, and that the 
invention may be practiced without several of the details of the embodiments 
shown in Figures 1-11F. 

A. Embodiments of Reactors Having Enclosed Paddle Chambers 
[0023] Figure 1 is a schematic illustration of a reactor 110 configured to process 

microfeature workpieces in accordance with an embodiment of the invention. The 
reactor 110 includes an inner vessel 112 disposed within an outer vessel 111. 
Processing fluid (e.g., an electrolyte) is supplied to the inner vessel 112 at an inlet 
116 and flows upwardly over a weir 1 18 to the outer vessel 111. The processing 
fluid exits the reactor 110 at a drain 117. An electrode 121 is positioned in the 
inner vessel 112 and a paddle chamber 130 is positioned downstream of the 
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electrode 121. The paddle chamber 130 includes a paddle device 140 having 
paddles 141 that reciprocate back and forth relative to a central position 180, as 
indicated by arrow R. The paddle chamber 130 also has an aperture 131 defining 
a process location P. A microfeature workpiece W is supported at the process 
location P by a workpiece support 113, so that a downwardly facing process 
surface 109 of the workpiece W is in contact with the processing fluid. The 
workpiece support 113 can rotate or not rotate, depending on the nature of the 
process carried out on the workpiece W. The workpiece support 113 also includes 
a workpiece contact 115 (e.g., a ring contact) that supplies electrical current to the 
front surface or back surface of the workpiece W. A seal 1 14 extends around the 
workpiece contact 115 to protect it from exposure to the processing fluid. In 
another arrangement, the seal 114 can be eliminated. 
[0024] During electrolytic deposition, the workpiece contact 115 and the workpiece 

W function as a cathode, and the electrode 121 functions as an anode. The 
processing fluid flows past the electrode 121 and through the paddle chamber 130 
to supply ions to the process surface 109 of the workpiece W. During 
electroetching, the workpiece W functions as an anode and the electrode 121 
functions as a cathode to remove material from the process surface 109. In other 
embodiments, the mass transfer process includes other deposition processes 
(e.g., electroless deposition) or other material removal processes. In any of these 
arrangements, the processing fluid flows through the paddle chamber 130 while 
the paddles 141 reciprocate adjacent to the workpiece W to enhance the mass 
transfer process taking place at the process surface 109. The shapes, sizes and 
configurations of the paddles 141, the manner in which they reciprocate, and the 
confined volume of the paddle chamber 130 further enhance the mass transfer 
process and reduce the impact of the paddles 141 on the electric field in the 
reactor 110. 

[0025] Figure 2 is a schematic illustration of the reactor 110 having an electrode 

support 120 configured in accordance with another embodiment of the invention. 
The electrode support 120 includes a plurality of generally annular electrode 
compartments 122, separated by compartment walls 123. A corresponding 
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plurality of annular electrodes 121 are positioned in the electrode compartments 
122. The compartment walls 123 are formed from a dielectric material, and the 
gaps between the top edges of the compartment walls 123 define a composite 
virtual anode location V just beneath the paddle chamber 130. As used herein, 
the term "virtual anode location" or "virtual electrode location" refers to a plane 
spaced apart from the physical anodes or electrodes through which all the current 
flux for one or more of the electrodes or anodes passes. The polarity of the 
electrical potential applied to each of the electrodes 121 , and/or the current flowing 
through each of the electrodes 121, may be selected to control a manner in which 
material is added to or removed from the workpiece W at the process location P. 
In addition, the paddle device 140 enhances the mass transfer process occurring 
at the process surface 109. Further details of the paddle device 140 and its 
operation are described below with reference to Figures 3-1 1F. 
[0026] Figure 3 is a partially schematic, isometric illustration of a paddle system 

142 having a paddle device 140 in accordance with an embodiment of the 
invention. The paddle device 140 includes a plurality of paddles 141 (six are 
shown in Figure 3), each having outwardly facing paddle surfaces 147. 
Accordingly, neighboring paddles 141 have paddle surfaces 147 that are spaced 
apart from each other. The paddle device 140 further includes a support 144 that 
is driven by a motor 143 to move the paddle device 140 in a linear, reciprocal 
manner, as indicated by arrow R. The motor 143 is coupled to the support 144 
with a coupler 145 (e.g., a lead screw). A bellows 146 is positioned around the 
coupler 145 and protects the coupler 145 from exposure to the processing fluid 
described above with reference to Figures 1 and 2. A controller 152 directs the 
motion of the paddle device 140. Elongated flow restrictors extend transverse to 
the paddles to restrict and/or prevent fluid from escaping directly out of the paddle 
chamber 130 (Figure 2). As discussed below, the paddles 141 are shaped to 
agitate the processing fluid in which they reciprocate, without creating a significant 
impact on the local electric field. 
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B. Embodiments of Paddles for Paddle Chambers 

[0027] Figures 4A-4G illustrate paddles 441a-441g, respectively, having shapes 

and other features in accordance with further embodiments of the invention. Each 
of the paddles (referred to collectively as paddles 441) has opposing paddle 
surfaces 447 (shown as paddle surfaces 447a-447g) that are inclined at an acute 
angle relative to a line extending normal to the process location P. This provides 
the paddles 441 with a downwardly tapered shape that reduces the likelihood 
and/or magnitude for shadowing or otherwise adversely influencing the electric 
field created by the electrode or electrodes 121 (Figure 4A) while maintaining the 
structural integrity of the paddles. The overall maximum width of each paddle is 
generally kept as small as possible to further reduce shadowing. For example, the 
paddle 441a (Figure 4A) has a generally diamond-shaped cross-sectional 
configuration with flat paddle surfaces 447a. The paddle 441b (Figure 4B) has 
concave paddle surfaces 447b. The paddle 441c (Figure 4C) has convex paddle 
surfaces 447c, and the paddle 441 d (Figure 4D) has flat paddle surfaces 447d 
positioned to form a generally triangular shape. In other embodiments, the 
paddles 441 have other shapes that also agitate the flow at the process location P 
and reduce or eliminate the extent to which they shadow the electrical field created 
by the nearby electrode or electrodes 121 . 

[0028] The agitation provided by the paddles 441 may also be supplemented by 

fluid jets. For example, the paddle 441 e (Figure 4E) has canted paddle surfaces 
447e that house jet apertures 448. The jet apertures 448 can be directed 
generally normal to the process location P (as shown in Figure 4E); alternatively, 
the jet apertures 448 can be directed at other angles relative to the process 
location P. The processing fluid is provided to the jet apertures 448 via a manifold 
449 internal to the paddle 441 e. Jets of processing fluid exiting the jet apertures 
448 increase the agitation at the process location P and enhance the mass 
transfer process taking place at the process surface 109 of the workpiece W 
(Figure 1). Aspects of other paddle arrangements are disclosed in U.S. Patent No. 
6,547,937 incorporated herein in its entirety by reference. 
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[0029] Figures 4F and 4G illustrate paddles having perforations or other openings 

that allow the processing fluid to flow through the paddles from one side to the 
other as the paddles move relative to the processing fluid. For example, referring 
first to Figure 4F, the paddle 441 f has opposing paddle surfaces 447f, each with 
pores 450f. The volume of the paddle 441 f between the opposing paddle surfaces 
447f is also porous to allow the processing fluid to pass through the paddle 441 f 
from one side surface 447f to the other. The paddle 441 f may be formed from a 
porous metal (e.g., titanium) or other materials, such as porous ceramic materials. 
Figure 4G illustrates a paddle 441 g having paddle surfaces 447g with through- 
holes 450g arranged in accordance with another embodiment of the invention. 
Each of the through-holes 450g extends entirely through the paddle 441 g along a 
hole axis 451 , from one paddle surface 447g to the opposing paddle surface 447g. 

[0030] One feature of the paddles described above with reference to Figures 4F 

and 4G is that the holes or pores have the effect of increasing the transparency of 
the paddles to the electric field in the adjacent processing fluid. An advantage of 
this arrangement is that the pores or holes reduce the extent to which the paddles 
add a three-dimensional component to the electric fields proximate to the 
workpiece W, and/or the extent to which the paddles shadow the adjacent 
workpiece W. Nonetheless, the paddles still enhance the mass transfer 
characteristics at the surface of the workpiece W by agitating the flow there. For 
example, the holes or pores in the paddles are sized so that the viscous effects of 
the flow through the paddles are strong, and the corresponding restriction by the 
paddles to the flow passing through is relatively high. Accordingly, the porosity of 
the paddles can be selected to provide the desired level of electric field 
transparency while maintaining the desired level of fluid agitation. 

[0031] Figure 5 is a partially schematic illustration of a paddle device 540 having a 

three-dimensional arrangement of paddles 541 (shown in Figure 5 as first paddles 
541a and second paddles 541b). The paddles 541a, 541b are arranged to form a 
grid, with each of the paddles 541a, 541b oriented at an acute angle relative to the 
motion direction R (as opposed to being normal to the motion direction R). 
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Accordingly, the grid arrangement of paddles 541 can increase the agitation 
created by the paddle device 540 and create a more uniform electric field. 
[0032] One aspect of the present invention is that, whatever shape and 

configuration the paddles have, they reciprocate within the confines of a close- 
fitting paddle chamber. The confined volume of the paddle chamber further 
enhances the mass transfer effects at the surface of the workpiece W. Further 
details of the paddle chamber and the manner in which the paddles are integrated 
with the paddle chamber are described below with reference to Figures 6-1 1 F. 

C. Embodiments of Reactors Having Paddles and Reciprocation Schedules to 
Reduce Electric Field Shielding and Improve Mass Transfer Uniformity 

[0033] Figure 6 is a schematic illustration of the upper portion of a reactor 610 

having a paddle device 640 disposed in a closely confined paddle chamber 630 in 

accordance with an embodiment of the invention. The chamber 630 includes a top 

634 having an aperture 631 to receive the workpiece W at the process location P. 

Opposing chamber walls 632 (shown as a left wall 632a and a right wall 632b) 

extend downwardly away from the top 634 to a base 633 that faces toward the 

process location P. 

[0034] The paddle device 640 includes a plurality of paddles 641 positioned 

between the process location P and the chamber base 633. The paddle chamber 
630 has a height H1 between the process location P and the chamber base 633, 
and the paddles 641 have a height H2. The tops of the paddles 641 are spaced 
apart from the process location P by a gap distance D1, and the bottoms of the 
paddles 641 are spaced apart from the chamber base 633 by a gap distance D2. 
In order to increase the level of agitation in the paddle chamber 630 and in 
particular at the process location P, the paddle height H2 is a substantial fraction 
of the chamber height H1, and the gap distances D1 and D2 are relatively small. 
In a particular example, the paddle height H2 is at least 30% of the chamber 
height HI In further particular examples, the paddle height H2 is equal to at least 
70%, 80%, 90% or more of the chamber height H1. The chamber height H1 can 
be 30 millimeters or less, e.g., from about 10 millimeters to about 15 millimeters. 
When the chamber height H1 is about 15 millimeters, the paddle height H2 can be 
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about 10 millimeters, with the gap distances D1 and D2 ranging from about 1 
millimeter or less to about 5 millimeters. In yet a further particular example, the 
chamber height H1 is 15 millimeters, the paddle height H2 is about 11.6 
millimeters, D1 is about 2.4 millimeters and D2 is about 1 millimeter. Other 
arrangements have different values for these dimensions. In any of these 
arrangements, the amount of flow agitation within the paddle chamber 630 is 
generally correlated with the height H2 of the paddles 641 relative to the height H1 
of the paddle chamber 630, with greater relative paddle height generally causing 
increased agitation, all other variables being equal. 

[0035] The plurality of paddles 641 more uniformly and more completely agitates 

the flow within the paddle chamber 630 (as compared with a single paddle 641 ) to 
enhance the mass transfer process at the process surface 1 09 of the workpiece 
W. The narrow clearances between the edges of the paddles 641 and (a) the 
workpiece W above and (b) the chamber base 633 below, within the confines of 
the paddle chamber 630, also increase the level of agitation at the process surface 
109. In particular, the movement of the multiple paddles 641 within the small 
volume of the paddle chamber 630 forces the processing fluid through the narrow 
gaps between the paddles 641 and the workpiece W (above) and the chamber 
base 633 (below). The confined volume of the paddle chamber 630 also keeps 
the agitated flow proximate to the process surface 109. 

[0036] An advantage of the foregoing arrangement is that the mass transfer 

process at the process surface 109 of the workpiece W is enhanced. For 
example, the overall rate at which material is removed from or applied to the 
workpiece W is increased. In another example, the composition of alloys 
deposited on the process surface 109 is more accurately controlled and/or 
maintained at target levels. In yet another example, the foregoing arrangement 
increases the uniformity with which material is deposited on features having 
different dimensions (e.g., recesses having different depths and/or different aspect 
ratios), and/or similar dimensions. The foregoing results can be attributed to 
reduced diffusion layer thickness and/or other mass transfer enhancements 
resulting from the increased agitation of the processing fluid. 
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[0037] The processing fluid enters the paddle chamber 630 by one or both of two 

flow paths. Processing fluid following a first path enters the paddle chamber 630 
from below. Accordingly, the processing fluid passes through electrode 
compartments 622 of an electrode support 620 located below the paddle chamber 
630. The processing fluid passes laterally outwardly through gaps between 
compartment walls 623 and the chamber base 633. The chamber base 633 
includes a permeable base portion 633a through which at least some of the 
processing fluid passes upwardly into the paddle chamber 630. The permeable 
base portion 633a includes a porous medium, for example, porous aluminum 
ceramic with 10 micron pore openings and approximately 50% open area. 
Alternatively, the permeable base portion 633a may include a series of through- 
holes or perforations. For example, the permeable base portion 633a may include 
a perforated plastic sheet. With any of these arrangements, the processing fluid 
can pass through the permeable base portion 633a to supply the paddle chamber 
630 with processing fluid; or (if the permeable base portion 633a is highly flow 
restrictive) the processing fluid can simply saturate the permeable base portion 
633a to provide a fluid and electrical communication link between the process 
location P and annular electrodes 621 housed in the electrode support 620, 
without flowing through the permeable base portion 633a at a high rate. 
Alternatively (for example, if the permeable base portion 633a traps bubbles that 
interfere with the uniform fluid flow and/or electrical current distribution), the 
permeable base portion 633a can be removed, and (a) replaced with a solid base 
portion, or (b) the volume it would normally occupy can be left open. 

[0038] Processing fluid following a second flow path enters the paddle chamber 

630 via a flow entrance 635a. The processing fluid flows laterally through the 
paddle chamber 630 and exits at a flow exit 635b. The relative volumes of 
processing fluid proceeding along the first and second flow paths can be controlled 
by design to (a) maintain electrical communication with the electrodes 621 and (b) 
replenish the processing fluid within the paddle chamber 630 as the workpiece W 
is processed. 
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[0039] Figure 7 illustrates a reactor 710 having a paddle chamber 730, a paddle 

device 740, and other features arranged in a particular embodiment of the 
invention. Further details of a reactor having generally similar features, and tools 
in which such reactors are housed, are included pending U.S. Application No. 

10/ , entitled "Reactors Having Multiple Electrodes and/or Enclosed 

Reciprocating Paddles, and Associated Methods," (attorney docket no. 

29195.8233US1) and U.S. Application No. 10/ , entitled "Integrated 

Microfeature Workpiece Processing Tools With Registration Systems for Paddle 
Reactors," (attorney docket no. 291 95.8241 US) both filed concurrently herewith 
and incorporated herein in their entireties by reference. The paddle chamber 730 
is positioned above an electrode support 720 having spaced apart compartment 
walls 723 housing concentric annular electrodes 721 . Processing fluid is supplied 
to the reactor 710 via a centrally disposed vessel supply 716. The processing fluid 
flows radially outwardly through wall gaps 725 between the tops of the 
compartment walls 723 and the base 733 of the paddle chamber 730. The 
processing fluid then flows downwardly over the electrodes 721. The processing 
fluid also flows upwardly into the paddle chamber 730 through a permeable base 
portion 733a, and through base gaps 738 defined by spaces between the tops of 
the neighboring compartment walls 723. Some processing fluid may also (a) exit 
the paddle chamber 730 as it is forced through the base gaps 738 by the 
advancing paddles 741 and/or (b) enter the paddle chamber 730 in the wakes of 
the paddles 741. The processing fluid also enters the paddle chamber 730 
through a separate entrance port 716a and an entrance gap 735a positioned 
above the left wall 732a of the paddle chamber 730. This flow proceeds laterally 
through the paddle chamber 730 to the right wall 732b and an exit gap 735b. 

[0040] The permeable base portion 733a shown in Figure 7 has an upwardly 

canted conical lower surface 736. Accordingly, if bubbles are present in the 
processing fluid beneath the base 733, they will tend to migrate radially outwardly 
along the lower surface 736 until they enter the paddle chamber 730 through the 
base gaps 738. Once the bubbles are within the paddle chamber 730, the paddles 
741 of the paddle device 740 tend to move the bubbles toward the exit gap 735b 
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where they are removed. As a result, bubbles within the processing fluid will be 
less likely to interfere with the application or removal process taking place at the 
process surface 1 09 of the workpiece W. 

[0041] The workpiece W (e.g., a round workpiece W having a diameter of 150 

millimeters, 300 millimeters, or other values) is supported by a workpiece support 
713 having a support seal 714 that extends around the periphery of the workpiece 
W. When the workpiece support 713 lowers the workpiece W to the process 
location P, the support seal 714 can seal against a chamber seal 737 located at 
the top of the paddle chamber 730 and/or to allow the workpiece W to spin or 
rotate. Alternatively, the support seal 714 can be spaced apart from the chamber 
seal 737 to allow fluid and/or gas bubbles to pass out of the paddle chamber 730. 
The processing fluid exiting the paddle chamber 730 through the exit gap 735b 
rises above the level of the chamber seal 737 before exiting the reactor 710. 
Accordingly, the chamber seal 737 will tend not to dry out and is therefore less 
likely to form crystal deposits, which can interfere with its operation. The chamber 
seal 737 remains wetted when the workpiece support 713 is moved upwardly from 
the process location P (as shown in Figure 7) and, optionally, when the workpiece 
support 713 carries the workpiece W at the process location P. 

[0042] The reactor 710 can include a generally ring-shaped magnet 708 disposed 

adjacent to the process location P. The magnet 708 includes a permanent magnet 
and/or an electromagnet positioned to orient molecules of material applied to the 
workpiece W in a particular direction. For example, such an arrangement is used 
to apply permalloy and/or other magnetically directional materials to the workpiece 
W, e.g., through a patterned photoresist. 

[0043] Because the workpiece W is typically not rotated when magnetically 

directional materials are applied to it, the linearly reciprocating motion of the 
plurality of paddles 741 is a particularly significant method by which to reduce the 
diffusion layer thickness by an amount that would otherwise require very high 
workpiece spin rates to match. For example, a paddle device 740 having six 
paddles 741 moving at .2 meters/second can achieve an iron diffusion layer 
thickness of less than 18 microns in a permalloy bath. Without the paddles, the 
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workpiece W would have to be spun at 500 rpm to achieve such a low diffusion 
layer thickness, which is not feasible when depositing magnetically responsive 
materials. 

[0044] As the linearly elongated paddles described above reciprocate transversely 

beneath a circular workpiece W, they may tend to create three-dimensional effects 
in the flow field adjacent to the workpiece W. Embodiments of the invention 
described below with reference to Figures 8A-10 address these effects. For 
example, Figure 8A is a partially schematic view looking upwardly at a workpiece 
W positioned just above a paddle device 840 housed in a paddle chamber 830. 
Figure 8B is a partially schematic, cross-sectional view of a portion of the 
workpiece W and the paddle device 840 shown in Figure 8A, positioned above a 
chamber base 833 of the paddle chamber 830 and taken substantially along lines 
8B-8B of Figure 8A. As discussed below, the paddle device 840 includes paddles 
having different shapes to account for the foregoing three-dimensional effects. 

[0045] Referring first to Figure 8A, the paddle device 840 includes a plurality of 

paddles 841 (shown as four inner paddles 841a positioned between two outer 
paddles 841b). The paddles 841 are elongated generally parallel to a paddle 
elongation axis 890, and reciprocate back and forth along a paddle motion axis 
891, in a manner generally similar to that described above. The workpiece W is 
carried by a workpiece support 813 which includes a support seal 814 extending 
below and around a periphery of the downwardly facing process surface 109 of the 
workpiece W to seal an electrical contact assembly 815. 

[0046] Because the support seal 814 projects downwardly away from the process 

surface 109 of the workpiece W (i.e., outwardly from the plane of Figure 8A), the 
paddles 841 are spaced more closely to the support seal 814 than to the process 
surface 109. When the paddles 841 move back and forth, passing directly 
beneath the support seal 814, they can form vortices 892 and/or high speed jets 
as flow accelerates through the relatively narrow gap between the paddles 841 
and the support seal 814. For example, the vortices 892 can form as the paddles 
841 pass beneath and beyond the support seal 814, or the vortices 892 can form 
when the paddles 841 become aligned with the support seal 814 and then pass 
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back over the process surface 109 of the workpiece W. These vortices 892 may 
not have a significant impact on the mass transfer at the process surface 109 
where the support seal 814 is generally parallel to the paddle motion axis 891 
(e.g., proximate to the 12:00 and 6:00 positions shown in Figure 8A), but can have 
more substantial effects where the support seal 814 is transverse to the paddle 
motion axis 891 (e.g., proximate to the 3:00 and 9:00 positions of Figure 8A). As 
discussed in greater detail below with reference to Figure 8B, the outer agitator 
elements 841b (aligned with outer regions of the workpiece W and the process 
location P) can have a different size than the inner agitator elements 841a (aligned 
with the inner regions of the workpiece W and the process location P) to 
counteract this effect. 

[0047] Figure 8B illustrates the left outer paddle 841b and the left-most inner 

paddle 841a shown in Figure 8A. The inner paddle 841a is spaced apart from the 
workpiece W by a gap distance D1 and from the chamber base 833 by a gap 
distance D2. If the inner paddle 841a were to reciprocate back and forth beneath 
the support seal 814 at the 9:00 position, significant portions of the inner paddle 
841a would be spaced apart from the support seal 814 by a gap distance D3, 
which is significantly smaller than the gap distance D1. As discussed above, this 
can cause vortices 892 (Figure 8A) to form, and such vortices can more greatly 
enhance the mass transfer characteristics at the process surface 109 of the 
workpiece W at this position than at other positions (e.g., the 12:00 or 6:00 
positions). Alternatively, vortices 892 can form across the entire process surface 
109, but can be stronger at the 9:00 (and 3:00) positions than at the 12:00 (and 
6:00) positions. 

[0048] To counteract the foregoing effect, the outer paddle 841b has a different 

(e.g., smaller) size than the inner paddle 841a so as to be spaced apart from the 
support seal 814 by a gap distance D4, which is approximately equal to the gap 
distance D1 between the inner paddle 841a and the workpiece W. Accordingly, 
the enhanced mass transfer effect at the periphery of the workpiece W (and in 
particular, at the periphery proximate to the 3:00 and 9:00 positions shown in 
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Figure 8A) can be at least approximately the same as the enhanced mass transfer 
effects over the rest of the workpiece W. 
[0049] Figure 9 is a cross-sectional illustration of a paddle device 940 positioned in 

a paddle chamber 930 in accordance with another embodiment of the invention. 
The paddle device 940 includes paddles 941 configured to move within the paddle 
chamber 930 in a manner that also reduces disparities between the mass transfer 
characteristics at the periphery and the interior of the workpiece W. In particular, 
the paddles 941 move back and forth within an envelope 981 that does not extend 
over a support seal 914 proximate to the 3:00 and 9:00 positions. Accordingly, the 
paddles 941 are less likely to form vortices (or disparately strong vortices) or other 
flow field disparities adjacent to the workpiece W proximate to the 3:00 and 6:00 
positions. 

[0050] Figure 10 is an isometric illustration of "a paddle 1041 configured in 

accordance with another embodiment of the invention. The paddle 1041 has a 
height H3 proximate to its ends, and a height H4 greater than H3 at a position 
between the ends. More generally, the paddle 1041 can have different cross- 
sectional shapes and/or sizes at different positions along an elongation axis 1090. 
In a particular example, the inner paddles 841a described above with reference to 
Figure 8A may have a shape generally similar to that of the paddle 1041 shown in 
Figure 10, for example, to reduce the likelihood for creating disparately enhanced 
mass transfer effects proximate to the 12:00 and 6:00 positions shown in 
Figure 8A. 

[0051] Any of the paddle devices described above with reference to Figures 1-10 

can reciprocate in a changing, repeatable pattern. For example, in one 
arrangement shown in Figures 11A-11F, the paddle device 140 reciprocates one 
or more times from the central position 180, and then shifts laterally so that the 
central position 180 for the next reciprocation (or series of reciprocations) is 
different than for the preceding reciprocation. In a particular embodiment shown in 
Figures 1 1 A-1 1F, the central position 180 shifts to five points before returning to its 
original location. At each point, the paddle device 140 reciprocates within an 
envelope 181 before shifting to the next point. In another particular example, the 
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central position 181 shifts to from two to twelve or more points. When the central 
position 181 shifts to twelve points, at each point, the paddle device 140 
reciprocates within an envelope 181 that extends from about 15-75 millimeters 
(and still more particularly, about 30 millimeters) beyond the outermost paddles 
141, and the central position 180 shifts by about 15 millimeters from one point to 
the next. In other arrangements, the central position 180 shifts to other numbers 
of points before returning to its original location. 

[0052] Shifting the point about which the paddle device 140 reciprocates reduces 

the likelihood for forming shadows or other undesirable patterns on the workpiece 
W. This effect results from at least two factors. First, shifting the central position 
180 reduces electric field shadowing created by the physical structure of the 
paddles 141. Second, shifting the central position 180 can shift the pattern of 
vortices that may shed from each paddle 141 as it moves. This in turn distributes 
the vortices (or other flow structures) more uniformly over the process surface 109 
of the workpiece W. The paddle device 140 can accelerate and decelerate quickly 
(for example, at about 8 meters/second 2 ) to further reduce the likelihood for 
shadowing. Controlling the speed of the paddles 141 will also influence the 
diffusion layer thickness. For example, increasing the speed of the paddles 141 
from 0.2 meters/second to 2.0 meters per second is expected to reduce the 
diffusion layer thickness by a factor of about 3. 

[0053] The number of paddles 141 may be selected to reduce the spacing 

between adjacent paddles 141, and to reduce the minimum stroke length over 
which each paddle 141 reciprocates. For example, increasing the number of 
paddles 141 included in the paddle device 140 can reduce the spacing between 
neighboring paddles 141 and reduce the minimum stroke length for each paddle 
141. Each paddle 141 accordingly moves adjacent to only a portion of the 
workpiece W rather than scanning across the entire diameter of the workpiece W. 
In a further particular example, the minimum stroke length for each paddle 141 is 
equal to or greater than the distance between neighboring paddles 141. For any 
of these arrangements, the increased number of paddles 141 increases the 
frequency with which any one portion of the workpiece W has a paddle 141 pass 
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by it, without requiring the paddles 141 to travel at extremely high speeds. 
Reducing the stroke length of the paddles 141 (and therefore, the paddle device 
140) also reduces the mechanical complexity of the drive system that moves the 
paddles 141. 

[0054] From the foregoing, it will be appreciated that specific embodiments of the 

invention have been described herein for purposes of illustration, but that various 
modifications may be made without deviating from the spirit and scope of the 
invention. For example, features of the paddle devices and paddle chambers 
described above in the context of electrolytic processing reactors are also 
applicable to other reactors, including electroless processing reactors. In another 
example, the workpiece W reciprocates relative to the paddle device. In still a 
further example, the workpiece W and the paddle device need not move relative to 
each other. In particular, fluid jets issuing from the paddle device can provide fluid 
agitation that enhances the mass transfer process. Nevertheless, at least some 
aspect of the workpiece W and/or the paddle device is activated to provide the 
fluid agitation and corresponding mass transfer enhancement at the surface of the 
workpiece W. Accordingly, the invention is not limited except as by the appended 
claims. 
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